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E-mail address: wangxinmei@nwpu.edu.cn (X.MTensile fracture experiments have been performed on double-notch plate form specimens
with different notch types and sizes. Specimen without notch is also studied. The macro-
mechanical responses as well as detail examination of the fracture surface have been car-
ried out. The stress, plastic strain and phase transformation ﬁelds are analyzed by ﬁnite
element (FE) simulations using a pseudoelastic constitutive model which considers the
permanent plastic deformation. Experimental results show that different type of notches
can inﬂuence not only the macro-mechanic pseudoelastic but also plastic behaviors of
the specimens. Both notch type and notch size affect the mechanism of crack initiation.
Notch size inﬂuences the specimen behavior in different way for different type of notches.
Most of the experimental observations are interpreted properly by the FE results.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
NiTi shape memory alloys (SMAs) have been widely used in engineering and medicine for their excellent shape memory
and pseudoelastic properties. The main issues concerning the phase transformation characteristics have been investigated
adequately and its mechanisms have been well understood (Otsuka and Ren, 2005). However, only limited studies have been
done on their fracture properties which are equally important in the use of NiTi SMA structures. Gall et al. (2001) paid atten-
tion to the fracture mechanisms in precipitated single crystal and polycrystalline NiTi SMAs, and found that cleavage on the
{100} and {110} planes worked together with void nucleation, growth and coalescence from the second phase particles in
the fracture behavior. Chen et al. (2005) carried out similar tensile fracture tests in polycrystalline NiTi SMAs with micro-
scopic in situ observations of fracture processes. They concluded that the main crack is stress control propagated in line with
the direction of the maximum normal stress. In our previous work, the fracture behavior of the compact tension specimens
were investigated, in which the cleavage fracture dominated the fracture mechanism (Wang et al., 2008b).
The stress induced phase transformation would take place during the fracture processes, which adds to the difﬁculty of
understanding the fracture mechanisms. Numerical simulation often is used to study the stress and phase transformation
ﬁelds in front of the notches and cracks by ﬁnite element method (FEM) (Wang, 2006; Wang et al., 2005; Yi et al., 2001).
Only recently, Daly et al. (2007) and Creuziger et al. (2008) experimentally investigated the phase transformation during
fracture process, respectively. In Daly et al.’s work, shape and size of the saturation of martensite and phase transformation
zone were assessed in thin-sheets of NiTi SMAs by strain ﬁeld observation (Daly et al., 2007). Creuziger et al. observed the
phase transformation in single crystal NiTi SMAs using optical techniques in situ. Their results showed that the general shape
and structure of the transformation zone at the crack tip does not vary signiﬁcantly throughout the crack propagation
process (Creuziger et al., 2008).. All rights reserved.
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558 X.M. Wang et al. / International Journal of Solids and Structures 46 (2009) 557–571The fracture of structures usually occurs at the stress concentration parts such as notches and cracks where the
materials are in complex stress state. Researches show that stress state greatly affects the phase transformation
characteristics and related mechanical response (Bouvet et al., 2002; Gall et al., 1998; Raniecki et al., 2001). The presentFig. 1. DSC results of the 56.28 wt.%Ni–Ti material.
Fig. 2. Uniaxial tensile stress–strain curves showing pseudoelasticity and plasticity of the material. The corresponding FEM results are also presented.
Fig. 3. Geometries and dimensions of the specimens (unit: mm, thickness: 2 mm) (a) without notch, (b) with semi-circular notch, (c) with V type notch and
(d) with crack notch. The radius r and length lv have two values of 0.5 and 1.0, respectively.
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phase transformation ﬁelds are simulated by our newly developed constitutive model which considers the plastic defor-
mation (Wang et al., 2008a).
2. Experimental procedure
All test were performed at room temperature of T = 26 C in an open testing environment.
2.1. Material
56.3 wt.%NiTi square rod was purchased from Xi’an Saite Metal Materials Development Co., Ltd. (Xi’an, China). It was cast
and then hot-forged. No further heat treatment was performed on it before experiments. Fig. 1 shows the differential scan-
ning calorimeter experimental results. The four characteristic temperatures are: martensite transformation start tempera-
ture Ms = 44 C, martensite transformation ﬁnish temperature Mf = 110 C, austenite transformation start temperature
As = 63 C, austenite transformation ﬁnish temperature Af = 22 C.
The pseudoelasticity of the material was investigated by uniaxial tensile experiments which were conducted in strain
control with a strain rate of 104/s as measured with an extensometer. The stress–strain curve is shown in Fig. 2 (solid line).
The tensile property till fracture is also presented in Fig. 2 (solid line), as well as the corresponding ﬁnite element simulations
after calibration of the model parameters (lines with symbols). It can be seen that the material has a good pseudoelasticity at
the test temperature. After the ﬁnish of martensite transformation, further loading leads to elastic deformation and subse-
quently plastic deformation of martensite material.
2.2. Specimen
The double-notch plate form specimens were manufactured by linear cutting machining. The design of the specimen and
corresponding clamp by Prof. Eggerler and co-workers were used for reference for the size limitation of experimental
material (Kolbe et al., 1999; Malzer et al., 2007; Murken et al., 2001). Fig. 3 shows the geometries and dimensions of the testFig. 4. FE models of specimens (a) without notch, (b) with semi-circular notch r = 1.0 mm, (c) with V type notch lv = 1.0 mm, (d) with crack notch.
Table 1
Material parameters derived from tensile experiment used for simulation
EA EM t FC B T T0
56.5 GPa 28.1 GPa 0.33 16 MJ m3 0.323 MJ m3 C1 26 C 53.5 C
_cðsÞ0 ;
_f ðaÞ0 k1, k2 h
ðsÞ
0 ; h
ðaÞ
0 q1, q2 s
ðsÞ
0 ; s
ðaÞ
0 s
ðsÞ
s ; stws
0.001 0.02 192 MPa 1.3 160 MPa 480 MPa
560 X.M. Wang et al. / International Journal of Solids and Structures 46 (2009) 557–571specimens. Three different types of notches were studied, including semi-circular notch, V type notch and crack notch.
Smooth specimen was also investigated for comparison. The semi-circular notch specimens have two different radii of
r = 0.5 mm and r = 1.0 mm. The V type notch specimens also have two different notch lengths of lv = 0.5 and lv = 1.0 (refer
to Fig. 3). Totally six specimens were tested.
3. FE simulation
3.1. Constitutive model
The main features of our constitutive model are introduced here. For the detailed information, please refer to reference
(Wang et al., 2008a).
Twenty-four habit plane martensite variants are employed in our calculations as generally accepted. The stress free trans-
formation strains (en) produced by martensite variants are listed by Wang and Yue (2006). The local transformation strain is
deﬁned as the sum of transformation strains contributed by all martensite variantsFig. 6.
with VEtr ¼
X24
n¼1
ennn; 1 6 n 6 24 ð1Þwhere nn is the martensite volume fraction of the nth martensite variant. The total martensite volume fraction, n, is the sum
of volume fraction of each martensite variant. The following natural physical constraints must be satisﬁed:n ¼
X24
n¼1
nn 6 1 and 0 6 nn 6 1 ð2ÞFig. 5. Tensile fracture results showing the average stress at the minimum cross-section vs. displacement curves for all the specimens.
Optical pictures of specimens fractured at static loading conditions (a) without notch, (b) with semi-circular notch r = 0.5 mm, (c) r = 1.0 mm, (d)
type notch lv = 0.5 mm, (e) lv = 1.0 mm, (f) with crack notch.
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expressed byFig. 7.
type no_EP ¼ ð1 f ÞPðsÞ _cðsÞ þ
X11
a¼1
PðaÞcðaÞT _f
ðaÞ; 0 6 f 6 1 ð3ÞSEM images of the overall appearance of the fracture surfaces of specimens. (a) without notch, (b) with semi-circular notch r = 1.0 mm, (c) with V
tch lv = 1.0 mm, (d) with crack notch, (e) with semi-circular notch r = 0.5 mm, (f) with V type notch lv = 0.5 mm.
562 X.M. Wang et al. / International Journal of Solids and Structures 46 (2009) 557–571where P(s) and P(a) represent the tensorial directions of the shear caused by slip and a twinning system, respectively; _cðsÞ is
the plastic shear rate of the slip system; cðaÞT is the constant twinning shear of the a-twinning system; f
(a) is the volume frac-
tion of the a-deformation twinning system; f is the total volume fraction of deformation twinned martensite.f ¼
X11
a¼1
f ðaÞ; 0 6 f ðaÞ 6 1; 0 6 f 6 1 ð4Þ
PðsÞ ¼ 1
2
sðsÞ  dðsÞ þ dðsÞ  sðsÞ
 
; PðaÞ ¼ 1
2
sðaÞ  dðaÞ þ dðaÞ  sðaÞ
 
ð5Þs(s) and d(s) represent the normals to the slip plane and vector of the slip direction, respectively; s(a) and d(a) are the normals
to the a-deformation twinning plane and the direction of the a-deformation twinning system. Their values are listed by
Wang et al. (2008a).
The general form of the local complementary Gibbs free energy density is used:wðR; T; nn;EpÞ ¼ 1
2
R : SðnÞ : Rþ R : Ep þ R : Etr  1
2
X24
m;n¼1
Hmnnmnn  BðT  T0Þn ð6Þwhere Hmn is the interaction energy matrix (Gall et al., 1999; Wang and Yue, 2006), B is a constant, T is the test temperature
and T0 is the phase equilibrium temperature.SðnÞ ¼ ð1 nÞSA þ nSM ð7Þ
SA and SM are elastic compliances of austenite and martensite, respectively.
Constraints of equations (2) on the variables demand to introduce a Lagrangian function to derive the driving forces for
phase transformation,LðR; T; nn;EpÞ ¼ wðR; T; nn;EpÞ  k0
X24
n¼1
nn  1
 !
þ
X24
n¼1
knnn ð8Þwhere k0 and kn are Lagrangian multipliers and have positive values.
Partial derivating Eq. (8) gives the driving force between the transformation of austenite and a particular martensite
variantFn ¼ oLonn ¼
1
2
R : DS : Rþ R : en 
X24
m¼1
Hmnnm  BðT  T0Þ  k0 þ kn ð9Þwhere DS = SM  SA.
The forward and reverse phase transformation starts when Fn = FC and Fn = FC, respectively. FC is the constant critical
driving force for phase transformation with a positive value.
During transformation, the consistency conditions are Fn  FC = 0 for austenite to a martensite variant transformation and
Fn + FC = 0 for this variant to transform back to austenite. Since FC = constant, the following equation can be derived:oFn
oR
: _Rþ
X24
m¼1
oFn
onm
_nm þ oFn
oT
_T ¼ DS : R : _Rþ _R : en 
X
m
Hmn _nm  B _T ¼ 0 ð10ÞFig. 8. High magniﬁcation SEM image of the fracture surface of specimen without notch.
Fig. 9.
with se
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X
m
Hmn1 DS : R : _Rþ _R : en  B _T
 
ð11ÞThe slip rate is expressed with the rate dependent formulation (Asaro and Needleman, 1985)_cðsÞ ¼ _cðsÞ0 sgnsðsÞ
sðsÞ
gðsÞ


1
k1 ð12Þwhere _cðsÞ0 is the reference shear rate of slip system; k1 is the material rate sensitivity of slip system; s
(s) is the resolved shear
stress of slip system; g(s) is the slip system hardness; sgn() denotes the sign of ().SEM images of the fracture surfaces of specimens (a) with semi-circular notch r = 1.0 mm, (b) with V type notch lv = 1.0 mm, (c) with crack notch, (d)
mi-circular notch r = 0.5 mm, (e) with V type notch lv = 0.5 mm.
Fig. 11
rave = 4
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The evolution of the hardness is deﬁned by the following relations:_gðsÞ ¼ hðsÞ _cðsÞ  ð14Þ
hðsÞ ¼ hðsÞ0 1
gðsÞ
sðsÞs
 !q1
ð15Þh(s) is the coefﬁcient of slip hardening; hðsÞ0 and q1 are material constants; s
ðsÞ
s is the saturation strength of slip system; the
value of g(s) at the beginning of the deformation must be speciﬁed and the symbol sðsÞ0 is used.
The rate of the deformation twinnedmartensite volume fraction _f ðaÞ is expressed using the same formula of that of slip rate.Fig. 10. Distribution of (a) stress r22 and (b) volume fraction of martensite in specimen without notch at rave = 520 MPa.
. The distribution of stress along the thickness direction, i.e. in the face perpendicular to the loading direction, in crack notch model at
00 MPa.
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_f ðaÞ0
sðaÞ
gðaÞ
  1
k2 ; sðaÞ > 0
0; sðaÞ 6 0
8<
: ð16Þ
sðaÞ ¼ R : PðaÞ ð17Þ
_gðaÞ ¼
X11
b¼1
hðabÞ _cðbÞ; hðabÞ ¼ hðaÞ0 1
gðaÞ
stws
 q2
ð18Þwhere _f ðaÞ0 is the reference twining rate; k2 is the material rate sensitivity of twinning system; stws is the saturation strength of
twinning system; g(a) is the twinning hardness. h(ab) are components of the hardening matrix. hðaÞ0 and q2 are material con-
stants. The value of g(a) at the beginning of the deformation must be speciﬁed and the symbol sðaÞ0 is adopted.
The model was implemented as User MATerial subroutine (UMAT) into the FE software ABAQUS.
3.2. FE model
For the symmetry, only a quarter of the specimen was calculated without considering the grip part. The crack for the crack
notch specimen was modelled with free edges. The three dimensional eight-node continuous solid brick (C3D8) type element
was used. The FE models are shown in Fig. 4. The models with r = 1.0 mm and lv = 1.0 mm are presented for the semi-circular
notch specimen and V type notch specimen as representatives, respectively. The mesh near the crack tip was reﬁned. The
model without notch was meshed using 2330 elements with 3144 nodes. The semi-circular notch models with r = 0.5 mm
and r = 1.0 mm were meshed using 1995 elements with 2676 nodes and 2405 elements with 3187 nodes, respectively. The
V type notch models with lv = 0.5 mm and lv = 1.0 mm were meshed using 3080 elements with 4002 nodes and 1960 ele-
ments with 2610 nodes, respectively. The crack notch model was meshed using 2100 elements with 2802 nodes.
It is acknowledged that commercial NiTi polycrystalline material often has strong texture (Gall et al., 1999; Thamburaja
and Anand, 2001; Yawny et al., 2005). Researches by Frick et al. (2004) indicated that NiTi SMA in hot-forging state contains
a strong h111i type texture. In our FE model, the crystallographic orientations of each element are assigned using the *ori-
entation option in ABAQUS, such that [111] direction is scattered within 5 wobble to the loading direction and the [100]
directions are randomly distributed among the elements. The elastic properties of both austenite and martensite are as-
sumed to be isotropic. The Poisson’s ratios for the two different phases are approximately the same, which a value of
0.33 was used in our calculation. The material parameters are listed in Table 1. To calibrate the material parameters, FE cal-
culation was performed on the same FE model as used byWang and Yue (2006) to obtain the uniaxial stress–stain curve. The
comparison between the FEM result and experiment data is shown in Fig. 2.
Uniaxial loading conditions were applied in the calculation (refer to Fig. 4(d)). Load was applied in the positive 2-axial
direction in the face initially perpendicular to the positive 2-axial direction. Displacement constrains in 1, 2, 3-axial direc-
tions were apply in the faces initially perpendicular to the negative 1, 2, 3-axial directions, respectively. The load increased
linearly as has been done in the experiment.
4. Experimental results and discussion
Fig. 5 gives the average stress at the minimum cross-section (rave) vs. displacement curves for all the specimens. The aver-
age stress at the minimum cross-section equals the apply load divided by the area of the minimum cross-section. It can beFig. 12. Evolution of stress in load direction at the notch/crack tip with average stress at the minimum cross-section.
566 X.M. Wang et al. / International Journal of Solids and Structures 46 (2009) 557–571seen that the macro-mechanical behaviors are apparently different between the specimens with notches and the specimen
without notch. The transformation plateau is only appeared in the fracture curve of the specimen with semi-circular notch
r = 0.5 mm in all the specimens with notches. The stress concentration caused by the notches leads to the localization of
the martensite transformation. The localization becomes more severely with the increase of the notch acuity, which resultsFig. 13. Distributions of martensite volume fraction around notch/crack tips at rave = 400 MPa in specimens with (a) semi-circular notch r = 0.5 mm, (b)
r = 1.0 mm, (c) V type notch lv = 0.5 mm, (d) lv = 1.0 mm, (e) crack notch.
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semi-circular notch specimen, V type notch specimen to the crack notch specimen. From the optical pictures of the fractured
specimen in Fig. 6, it is shown that fracture occurs at the notches in all the specimens with notches. The initiation of the frac-
ture crack is not perpendicular to the loading direction which is along 2-axis in Fig. 6(a). Then the cracks propagate along 1-
axial direction, i.e. cracks propagate vertically to the loading direction, in all specimens except for the crack notch specimen.
Lowmagniﬁcation SEM fractographs are given in Fig. 7 to show the overall appearances of the fracture surface. The cracks
initiate at the notches and at about the half-thickness position in all the specimens with notches. From the comparison of
Fig. 7(a) and (b), the fracture surface of the specimen with semi-circular notch r = 1.0 mm is identical to that of the specimen
without notch. Dense dimples are found in the fracture surface, as shown in the high magniﬁcation images of the smooth
specimen Fig. 8. Void nucleation, growth and coalescence dominate the failure which is in agreement with the results of Gall
et al. (2001). The fracture surface of the crack notch specimen is obviously different from others, which is smoother and has
large cleavage areas on it, as shown in Fig. 7(d). It could be seen from Fig. 7(e) that the crack initiation location is smooth in
the specimen with semi-circular notch r = 0.5 mm. The fracture surface are apparently different in V type specimens with
different notch size, distinct tearing ridges can be seen in overall appearance of the specimen with V type notch lv = 0.5 mm
(refer to Fig. 7(c) and (f)).
The locations of the crack initiation of the specimens with notches are further studied in Fig. 9. Various type of notches
cause different local stress ﬁeld and lead to difference in crack initiation. The voids become sparser from semi-circular notch
specimen, V type notch specimen to crack notch specimen. Cleavage fracture with smooth facets dominates the crack initi-
ation in the specimen with crack notch. From the comparison between Fig. 9(a) and (d), and Fig. 9(b) and (e), it could be seen
that not only notch type but also notch size affect the crack initiation. Specimen with smaller notch size apparently presents
more brittle fracture appearance in semi-circular type notch specimens. Trace of slip can be detected in the specimen with
semi-circular notch r = 0.5 mm, as shown in Fig. 9(d).
5. FEM results and discussion
The distribution of stress in the load direction (r22) and volume fraction of martensite is quite uniform in the model with-
out notch, as shown in Fig. 10. The changes of the stress distribution along the thickness direction in models with notches areFig. 14. Distributions of equivalent plastic strain around notch/crack tips in specimens with (a) semi-circular notch r = 0.5 mm, (b) r = 1.0 mm, (c) V type
notch lv = 0.5 mm, (d) lv = 1.0 mm, and (e) crack notch.
568 X.M. Wang et al. / International Journal of Solids and Structures 46 (2009) 557–571inspected as shown in Fig. 11. In Fig. 11 the distribution of the load direction stress (r22) in the model with crack notch is
given as a representation. The stress at the same distance from the crack tip increases from the free surface to the mid-plane
and the maximum stress is at the crack tip in the mid-plane. In other models with notches, the maximum tensile direction
stresses are also at the notch tips in the mid-plane. This is in accordance with the experimental observation that fracture
occurs at the notches and about half-thickness position of the specimens with notches. Therefore, the mid-planes are ana-
lyzed in the following. The evolutions of stress in the load direction (r22) at the notch/crack tips with macro average stress atFig. 15. Distributions of stress in load direction around notch/crack tips in specimens with (a) semi-circular notch r = 0.5 mm, (b) r = 1.0 mm, (c) V type
notch lv = 0.5 mm, (d) lv = 1.0 mm, and (e) crack notch.
Fig. 15 (continued)
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induce phase transformation decreases with the increase of acuity in the order of semi-circular notch model, V type notch
model and crack notch model. Models with shorter notch geometry need less average stress (rave) to start phase transfor-
mation in V type and semi-circular notch models.
We chose the average stress level of rave = 400 MPa to show the distribution of martensite volume fraction in the models
with notches. At this load level, all the notch models are partly transformed as shown in Fig. 13. The phase transformation is
highly localized in the model with crack notch in which only a small zone close to the crack tip is transformed. The phase
transformation zone is a little larger in the model with larger notch size (r = 1.0 mm) for the models with semi-circular notch,
while it is contrary for the models with V type notch. However, the volume fraction of martensite is much smaller in the
models with larger notch size for models with both semi-circular and V type notches.
The distributions of equivalent plastic strain (epeeq) are presented in Fig. 14. The load level are selected according to the
maximum value of equivalent plastic strain which is around 0.1 in all the models except the model with V type notch
lv = 1.0 mm. The average stress needed to achieve the same maximum value of equivalent plastic strain decreases in the
same order as that needed to induce phase transformation, i.e. semi-circular notch model, V type notch model and crack
notch model. However, the plastic deformations are highly localized in the models with V type and crack notches. Besides,Table 2
The maximum stress ðrmax22 Þ, maximum equivalent plastic strain ðemaxpeeqÞ and corresponding average stress (rave) in the models with notches
Semi-circular r = 0.5 mm Semi-circular r = 1.0 mm V type lv = 0.5 mm V type lv = 1.0 mm Crack
rave (MPa) 575 622 552 600 537
rmax22 ðMPaÞ 866 799 1080 992 1220
emaxpeeq 0.101 0.100 0.095 0.011 0.106
570 X.M. Wang et al. / International Journal of Solids and Structures 46 (2009) 557–571the maximum stress value is much larger in the models with crack and V type notches, as shown in Fig. 15. The distributions
of stresses in the load direction (r22) correspond with the distribution of plastic strain in Fig. 15. It could also be seen that the
maximum stress is higher in the specimen with small notch size. A list of the maximum stress ðrmax22 Þ, maximum equivalent
plastic strain ðemaxpeeqÞ and corresponding average stress (rave) are given in Table 2. For the model with V type notch
lv = 1.0 mm, when the average stress is 600 MPa (rave = 600 MPa), the maximum equivalent plastic strain is only 0.011
(epeeq = 0.011) and the plastic deformation zone are greatly concentrated to the notch tip. The equivalent plastic strain is
much larger and occupies larger zone close to the notch tip in the model with V type notch lv = 0.5. This indicated that
the model with smaller V type notch size presents better macro-mechanical plastic deformation behavior, which can be con-
ﬁrmed by the average stress at the minimum cross-section vs. displacement curves in Fig. 5. At the same maximum equiv-
alent plastic strain (epeeq = 0.1), the average stress is larger and the maximum stress is smaller in the model with larger semi-
circular notch size. Moreover, the stresses are more uniformly distributed in the model with larger semi-circular notch size,
as shown in Fig. 15(b). This is the reason of the good macro-mechanical plastic behavior of the specimen with semi-circular
notch r = 1.0 in Fig. 5. The notch size has different effect on the mechanical behavior in the semi-circular notch specimen and
the V type notch specimen.
It could be deduced that different type of notches leads to different strain and stress state, which inﬂuences not only the
macro-mechanical phase transformation but also plastic behaviors of the material. Furthermore, for different type of
notches, notch size affects the specimen behavior in different way.
6. Summary and conclusions
The fracture behavior of the plate specimens with different notch types and sizes are studied in NiTi shape memory alloys.
Specimen without notch is also investigated to make comparison. Totally ﬁve kinds of notches are studied including semi-
circular notches with two sizes, V type notches with two sizes and crack notch. FEM analysis of the stress, plastic strain and
phase transformation ﬁelds are performed to assist the interpretation of the experimental results with a newly developed
constitutive model which considers the permanent plastic deformation of pseudoelastic shape memory alloys.
Experimental results show that the macro transformation plateau in the average stress–displacement curves vanishes in
the specimens with larger semi-circular notch, with V type notches and with crack notch. Macro-mechanical plastic defor-
mation is presented before ﬁnal fracture in all the specimens. The plastic elongation is much larger in the specimen with
larger notch size for specimens with semi-circular notches, while it is the contrary instance for the specimen with V type
notches.
FEM results show the distributions of stress in the load direction and volume fraction of martensite are quite uniform in
the model without notch. Average stress needed to start the phase transformation decreases with the increase of notch acu-
ity. Models with shorter notch geometry need less average stress to start phase transformation in V type and semi-circular
notch models. The phase transformation and plastic deformation zones are more severely concentrated to the notch/crack
tip with increasing notch acuity. The plastic deformation zone is larger with larger equivalent plastic strain and smaller aver-
age stress in model with smaller size for models with V type notches. At the same maximum equivalent plastic strain, the
average stress is larger and the maximum stress in load direction is smaller in the model with larger semi-circular notch size.
From the overall SEM picture of the fracture surfaces, the cracks initiate at the notches and at about the half-thickness
position in all specimens with notches, which could be explained by the FEM analysis which shows the maximum stress
is at the notch/crack tip in the mid-plane for these specimens. Void nucleation, growth and coalescence dominates the failure
of the specimens without notch and with semi-circular notches. Further studies on the crack initiation of the specimens with
notches show that the voids become sparser from semi-circular notch specimen, V type notch specimen to crack notch spec-
imen. Cleavage fracture with smooth facets dominates the crack initiation in the specimen with crack notch.
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